Four cubic mesoporous silicates (CMS), one unmodified and three grafted with amine, carboxylic and cyano surface functional groups, were prepared, characterised and compared as adsorbents for tetramethyl ammonium hydroxide (TMAH) from aqueous solution. The adsorption process was studied as a function of molecular size and CMS pore volume. Sorption on the unmodified, cyano-and carboxylic-grafted adsorbents closely followed the Langmuir model while adsorption on the amine-treated silicate conformed to the Freundlich model. A comparison of the adsorbent pore volume and the volume of sorbed TMAH molecules suggested that monolayer sorption occurred, there being some evidence that surface functional groups influenced the adsorption process. The presence or absence of structural order, as defined by X-ray diffraction analysis, had no significant influence on the adsorption, as all materials, both ordered and disordered, had relatively high adsorption capacities.
INTRODUCTION
The synthesis of mesoporous silicates and aluminosilicate molecular sieves using liquid crystal templates has generated a family of materials with ordered mesopores in the 20-500 Å range, derived from ordered silica/surfactant meso-structures in hexagonal (MCM-41), cubic and lamellar (MCM-50) arrays . These materials generally possess long-range order and have surface areas typically in excess of 1000 m 2 /g. A range of new possibilities exists for the use and application of mesoporous silicates, their potential practical application being enhanced by the ability to control the pore diameter, mesopore phase and surface characteristics of these materials.
Recent research reported the successful adsorption of tetramethyl ammonium hydroxide (TMAH) by an unmodified cubic mesoporous silicate (CMS) (Kelleher et al. 2001 (Kelleher et al. , 2002 . The adsorption of TMAH can now be used to compare the adsorption capacities and characteristics of four differing silicate materials, both modified and unmodified.
TMAH is used as a developer in industrial printing and as an organic aqueous alkaline etchant in the electronics sector (Pandy et al. 1998; Tabata et al. 1992 ). Typically, low concentrations of TMAH are present in the process wastewaters from these sources and there is a need to remove, recover and recycle the TMAH from an economic and environmental perspective. Existing methodologies for treating industrial wastewaters include the techniques of precipitation, coagulation, filtration, adsorption and ion exchange, and electrochemical methods. Adsorption *Author to whom all correspondence should be addressed. E-mail: tom.odwyer@ul.ie. technology, in particular, has been used for the removal of organics from wastewaters, with the bulk of research and industrial work focusing on the use of activated carbon as the adsorbent of choice (To Hsieh and Teng 2000; Chatzopoulos et al. 1993; Vijayalakshmi et al. 1998 ). However, the regeneration costs for activated carbon can be significant with an associated loss in adsorptive capacity (Cooper and Burch 1999) . Alternative, naturally occurring adsorbents studied include biosorbents, clays, zeolites and resins (Xing et al. 1994; Banat et al. 2000; Morris and Huddersman 1999; O'Dwyer and Hodnett 1995) . Zeolite materials, in particular, possess a regular aluminosilicate cage-like microporous structure with exchangeable countercations. Whilst it is believed that micropores are the main providers of adsorptive sites in aqueous solutions, studies have suggested that the total surface area of the micropores cannot be utilised totally in adsorption. The extent to which a particular adsorbate molecule adsorbs on these zeolite materials is limited by a number of physical factors including the size of the adsorbing molecule, the pore diameter of the specific zeolite and the length of the diffusion path (Shu et al. 1997) .
This research work focuses on the use of unmodified and grafted silicates as adsorbents for the removal of TMAH from aqueous solutions. Mesoporous silicates offer a number of potential advantages as adsorbents including a large pore volume and diameter, high surface areas and regular channel-type structures (Rathousky and Zukal 1995) . The ability to manipulate these properties using grafted functional groups may enhance the adsorption process. This investigation will contribute to our understanding of the effects of grafting functional groups to a silicate material and whether they enhance or inhibit adsorption.
EXPERIMENTAL

Materials
In a typical synthesis, 10 g cetyltrimethylammonium bromide (CTAB, Lancaster) and 1.0 g sodium hydroxide (BDH) were dissolved in 90 g water. For unmodified preparations, 11 ml tetraethyl orthosilicate (TEOS, Lancaster) were added to this solution with stirring. For the preparation of silicates modified with 2-cyanoethyltriethoxysilane (cyano, Lancaster), 1.10 ml cyano were added together with 10 ml TEOS. After the complete addition of TEOS and modifier, the mixture was allowed to age for 30 min at 35ºC during which time a white precipitate formed. The entire contents were then added to a Teflon-lined stainless-steel autoclave and heated to 150ºC for 24 h under static conditions. Upon removal, the autoclave was allowed to cool for 1 h at room temperature. A white precipitate was recovered by filtration, added to 200 ml water and heated to ca. 70ºC with stirring for 10 min to remove excess surfactant and NaOH. The solid was again recovered by filtration and washed extensively with water. The surfactant was removed by calcination in flowing air at 650ºC for 6 h using a ramp rate of 2ºC/min.
For the preparation of silicates modified with 3-aminopropyl (amino, Lancaster) and propanoic acid COOH (carboxylic), 5.1 g n-dodecylamine (n-DOD, Lancaster) were dissolved in a solution consisting of 50 ml ethanol and 60 ml water. Then 2.3 ml amino or 2.2 ml cyano (precursor for carboxylic) were added together with 20 ml TEOS to the surfactant solution. A white precipitate formed after 10-15 min stirring at room temperature, and stirring was continued for 18 h. The solid was recovered by filtration and the surfactant removed by solvent extraction in ca. 200 ml absolute ethanol. Three extraction cycles were conducted. The modifying groups of the cyano silicate were oxidised to propanoic acid (COOH) groups by reflux of 1 g silicate with 100 ml of a 50% H 2 SO 4 /H 2 O solution for 3 h. The final solid was recovered by filtration and washed with ethanol.
TMAH was obtained in aqueous solution (25% w/w) from the Aldrich Chemical Company.
Adsorbent characterisation
Powder X-ray diffraction data were obtained using a Philips X'pert diffractometer with Ni-filtered Cu Ka radiation at a wavelength of 1.54 Å. Samples were analysed over the 2q range from 1.5º to 10º. Adsorption isotherms were measured employing a Gemini 2375 Micromeritics surface analyser interfaced to a computer, the sample (20 mg) being outgassed under vacuum at 200ºC for 1 h. Surface areas were calculated using the BET equation (Brunauer et al. 1940 ) and the pore size distributions using the BJH method (Barrett et al. 1951) . Thermal studies were conducted using a DuPont Instruments 951 Thermogravimetric Analyser at a temperature ramp rate of 5ºC/min.
Adsorption isotherms
Sorption isotherms were measured for TMAH adsorption on the unmodified, carboxylic-, cyanoand amine-treated silicates at 23ºC using a batch technique. Thus, accurately weighed amounts of adsorbent were allowed to reach equilibrium with TMAH solutions of known concentrations. Initial concentrations of TMAH were held between 50 mg/dm 3 and 800 mg/dm 3 , respectively. Known weights of CMS materials (0.05 g) were added to Pyrex glass vials each containing 20 ml of solution. The vials were shaken in a temperature-controlled water bath shaker. The water/liquid solution was then separated by centrifugation at 12 000 rpm for 10 min using a Sorvall centrifuge equipped with an SS-34 rotor. The concentration of TMAH before and after adsorption was determined spectrophotometrically (191 nm) using a Varian (Cary) UV-vis spectrophotometer, the amount adsorbed being calculated from the initial and final concentrations of TMAH in the liquid phase. All experiments were run in triplicate and controls containing TMAH only were used to ensure reproducibility and accuracy. Distilled water was used as the solvent.
RESULTS AND DISCUSSION
Physical and chemical characteristics
The physical and chemical characteristics of the four adsorbents are reported in Table 1 . The aminemodified silicates were microporous, the cyano-modified and unmodified silicates were mesoporous, while the COOH-modified silicates were mesoporous with a relatively low surface area. 
Adsorption characteristics
Initial testing of the equilibrium time for each CMS adsorbent revealed complete uptake of sorbate within minutes of solution contact. The adsorption isotherms for TMAH on the four CMS materials are depicted in Figures 1-3 , a type I adsorption curve [as defined by the Brunauer classification (Brunauer et al. 1940) ] being evident for the unmodified and cyano-modified materials, indicating a strong uptake of TMAH from aqueous solution. For the unmodified CMS, TMAH adsorption reached a level of 270 mg/g, while maximum TMAH uptake on the cyano-modified CMS was attained at 200 mg/g. The carboxylic-and amine-modified materials showed variations in isotherm shape, although both could still be best described as type I. The carboxylic-grafted material had an adsorption capacity of 200 mg/g while the amine-grafted CMS exhibited a corresponding value of 250 mg/g. The Langmuir (1918) and Freundlich (1926) models as defined in equations (1) and (2) were used to analyse the adsorption data: K L C e q e = -------(1) 1 + A L C L q e = K F C l/n
where q e is the amount of solute adsorbed per g adsorbent, and K L and A L are the Langmuir constants.
A plot of C e /q e versus C e from the linear form of equation (1) was drawn to determine the values of K L (intercept) and A L /K L (slope). Monolayer coverage of the mesoporous silicate adsorbent surface was then obtained as K L /A L . The Freundlich constants K F and l/n were obtained by plotting the linearised form of equation (2). The Freundlich model is largely an empirical model of the adsorption process whereas the Langmuir approach assumes that maximum adsorption occurs when the adsorbent surface is covered by a uniform monolayer of adsorbate.
The data depicted in Figures 4 and 5 and listed in Tables 2 and 3 indicate that the sorption data for the unmodified, cyano-and carboxylic-modified CMS materials exhibited a better fit to the Langmuir model approach. The Freundlich correlation coefficients were considerable lower for these adsorbents than the corresponding Langmuir coefficients. However, the amine-grafted sorbent exhibited an isotherm shape that varied most notably from the classical type I isotherm and the data generated conformed more successfully to the Freundlich model. The difference in these parameters was more likely due to the microporous nature of the silicate rather than the grafted amine groups.
In order to distinguish whether the maximum sorption plateau could be attributed to pore saturation or monolayer coverage of the CMS surface, the molecular diameter of TMAH was estimated using molecular modelling software (Cerius 2) and is included in Table 4 . In the first instance, this molecular diameter would suggest that the TMAH molecule would be capable of diffusion into the pores of the four CMS materials possessing pore diameters within the range ca. 25-165 Å. Clearly, all four adsorbents possessed the capability of accommodating a monolayer of TMAH molecules on their internal pore surfaces. Residual pore space accessible to further incoming TMAH molecules would still exist following monolayer coverage. However, the data listed in Tables 5 and 6 indicate that such further adsorption did not occur. When adsorption occurs on a monolayer basis, each adsorbate molecule can essentially be visualised as being contained in a cube whose volume may be calculated using the modelled diameter of the TMAH molecule. These spherical and cubic volumes are listed in Table 4 while the number of molecules of TMAH adsorbed on each adsorbent is given in Table 6 . The extent of pore saturation after each adsorption process was estimated by combining the calculated TMAH molecular volume with the actual adsorption results for uptake on each of the CMS materials. The data in Table 6 indicate that the percentage of TMAH adsorption in the differing pore volumes of the unmodified, cyano-, carboxylic-and amine-modified adsorbents were 27.3, 15, 12 and 40%, respectively.
These results in respect of the physical dimensions of the TMAH molecule, the CMS pore diameters and the incomplete filling of the CMS pore volume suggest that the adsorption of TMAH on the CMS adsorbents occurred via formation of a monolayer of adsorbate molecules on the surface of the CMS pores.
The properties of the carboxylic-modified material were different relative to those of the other adsorbents studied. Thus, the material possessed a much larger pore volume (1.2 cm 3 /g) and a smaller surface area (350 m 2 /g). These differences probably contributed to the lower sorption capacity exhibited by carboxylic-modified CMS towards TMAH molecules. However, a value of 200 mg/g represents a relatively high sorption capacity. This would suggest that the grafted carboxylic groups influenced the adsorption of the TMAH molecules. The positive ammonium ion of the TMAH molecule could have been attracted to the COOform of the carboxylic group likely to exist in the slightly alkaline conditions induced by the presence of TMAH. Another comparison worthy of investigation would be the fact that two of the materials generated had ordered structures while the other two were disordered or amorphous. Both the unmodified and cyano-modified materials had ordered structures as established by XRD analysis. However, the amine-and carboxylic-grafted materials were amorphous. The presence or absence of order had no significant influence on the adsorption process as all the materials exhibited relatively high adsorption capacities.
CONCLUSIONS
Laboratory-prepared mesoporous silicates were shown to be effective adsorbents for the removal of TMAH from aqueous solution. The three modified mesoporous silicates investigated successfully adsorbed TMAH and exhibited classical type I BET adsorption isotherms. All conformed to the Langmuir isotherm model with the exception of the amine-modified material which correlated more closely with the Freundlich model due to its microporous nature rather than the presence of functional groups.
Evidence of monolayer sorption was provided by pore volume analysis which indicated that the percentage of TMAH adsorption in the differing pore volumes of the unmodified, cyano-, carboxylicand amine-modified adsorbents were 27.3, 15, 12 and 40%, respectively. It is also evident that pore filling by default could have occurred when larger adsorbate molecules with greater molecular sizes were chosen. There is evidence that the functional groups influenced the adsorption process but further work with different adsorbates needs to be carried out to examine this point. The presence or absence of order did not influence the adsorption significantly as all materials examined had relatively high adsorption capacities.
These findings suggest that the silicates used in this investigation, facilitated by their large pore diameters, pore volumes, surface areas and modification capability, possess significant potential as adsorbents in the removal of TMAH and possibly other organics from industrial wastewaters. The ability to influence the physical characteristics of these materials could be used to accommodate specific compounds of interest.
